Disparity between surface and deep nephron function early after renal ischemia  by Mason, June et al.
Kidney International, Vol. 24 (1983), PP. 27—36
Disparity between surface and deep nephron function early
after renal ischemia
JUNE MASON, JOHANNA WELSCH, and TOSHIKAZU TAKABATAKE
Physiology Institute, University of Munich, Federal Republic of Germany
Disparity between surface and deep nephron function early after renal
ischemia. Experiments were performed using a variety of methods to
assess the functional status of different nephron populations following
45 mm of renal ischemia in the rat. Micropuncture techniques revealed
that SNGFR and reabsorption in the surface nephrons are only modest-
ly reduced after ischemia, whereas kidney GFR and reabsorption are
more severely affected. Determinations of bolus velocity with the
Hanssen technique or of glomerular blood flow with the microsphere
method confirmed that both were highest in the surface nephrons, lower
in the middle nephrons and lowest of all in the juxtamedullary nephrons
after ischemia. It is concluded that surface nephron function is well-
maintained following ischemia and that it is the functional deficiency of
the deeper nephrons that is predominantly responsible for the impair-
ment in whole kidney function. Although the pathogenic mechanism is
not yet clear, neither tubular obstruction nor tubular leakage in the
deeper nephrons seems to be involved. The present findings suggest
that micropuncture of the surface nephrons is a technique of question-
able validity for studying this type of acute renal failure, they explain
the inability of the kidney to concentrate the final urine, and they
predict a more pronounced deficiency in medullary than in outer
cortical blood flow.
Disparite precoce entre Ia fonction nephronique superficielle et pro-
fonde apres ischemie renale. Des experiences ont étë effectuees en
utilisant diverses méthodes afin de mesurer l'état fonctionnel de differ-
entes populations de néphrons après 45 mm d'ischémie rénale chez le
rat. Des techniques de microponction ont révélC que La SNGFR et Ia
reabsorption dans les néphrons superficiels ne sont que modestement
réduites aprés ischémie, tandis que Ia GFR rénale et Ia reabsorption
sont beaucoup plus sévèrement atteintes. Des determinations de La
vClocité d'un embol par Ia technique de Hanssen ou du debit sanguin
glomerulaire par Ia méthode des microsphères ont confirmé que les
deux paramétres sont les plus élevCs dans les néphrons superficiels,
plus faibles dans les néphrons intermédiaires, et les plus faibles dans les
nephronsjuxta-médullaires après ischémie. 11 est conclu que Ia fonction
des néphrons superficiels est bien preservee apres ischémie, et que
c'est Ia déficience fonctionnelle des nephrons plus profonds qui est
responsable de facon predominante de l'altCration de Ia function du rein
entier. Bien que les mécanismes physio-pathologiques ne soient pas
encore clairs, ni l'obstruction tubulaire, ni une fuite tubulaire dans les
nephrons profonds semblent étre en cause. Ces résultats suggèrent que
Ia microponction des néphrons superficiels est une technique d'intérét
discutable pour étudier ce type d'insuffisance rénale aiguë, ils ex-
pliquent bien l'incapacitë du rein de concentrer l'urine finale, et its
predisent une diminution plus prononcée du debit sanguin dans Ia
médullaire que dans Ia corticale externe.
An ischemic episode is widely held to be one of the decisive
events preceeding acute renal failure in humans. As a result, a
considerable research effort has been directed toward models of
ischemic acute renal failure in an attempt to clarify the patho-
physiological alterations underlying the loss of renal function.
In particular, great faith has been placed in micropuncture
techniques, with the hope of finding mirrored within the single
nephron the mechanisms which are responsible for the failure of
the whole kidney. However, a large disparity in the degree of
functional impairment exhibited by the single nephron and that
displayed by the whole kidney has made this difficult to realize.
A relative preservation of single nephron function in the face of
severe impairment of whole kidney function has been a con-
stant finding in experimentally induced ischemic renal failure in
the rat: In the first 3 hr following 25-mm ischemia, kidney GFR
was lowered to 22% initially and then to 43%, while SNGFR
was not reduced at all [I]; several hours following 60-mm
ischemia, kidney GFR was only 10% of control, whereas
SNGFR was 73% of normal [2]; a few hours after 45-or 75-mm
ischemia, kidney GFR was depressed to 27 and 7% of normal,
although early proximal flow rate, which is equivalent to
SNGFR, was not decreased [3]; finally, 24 hr following 60-mm
bilateral ischemia, kidney GFR was reduced to 8%, whereas
SNGFR was still 90% of control [4].
Various explanations can be offered for the apparently well
maintained nephron function observed after ischemia: It has
been proposed that micropuncture, by lowering the intratubular
pressure in obstructed nephrons, leads to an artifactual increase
in SNGFR [1, 2, 4—7]. It has been claimed that tubular damage
attending ischemia results in the leakage of filtered inulin from
the nephron, so that filtration rate measured in the final urine is
artifactually lowered [2, 8, 9]. It has also been suggested that
the collection of proximal tubular fluid could artificially raise
SNGFR by eliminating the tubuloglomerular feedback re-
sponse, which lowers SNGFR whenever deficient proximal
nephron reabsorption leads to a rise in macula densa sodium
chloride concentration [3, 10, 11]. Finally, it has been shown
that the cells at the surface of the kidney can escape anoxic
damage during ischemia by utilizing oxygen from the surround-
ing air [121, which may result in some functional protection in
the surface nephrons.
Although there is good evidence that each of these phenome-
na can be associated with experimental ischemic renal failure,
the events which are actually responsible for the discrepancy
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between single nephron and whole kidney function are unclear:
First, there is no indication of tubular obstruction following 45-
mm ischemia because intratubular pressure in the surface
nephrons is not raised [13], as it is after 60 [2, 4, 6], 75 [13], or
90-mm ischemia [7], and because forced diuresis does not
improve renal function, as it does in other obstructed models
[14]. Second, there is very little leakage of inulin from the
surface nephrons following 45-mm ischemia [15], so it seems
most probable that the decrease in kidney inulin clearance that
is measured represents a real decrease in kidney GFR. Third, it
is uncertain whether there is a tubuloglomerular feedback-
mediated decrease in SNGFR following ischemia because inhi-
bition of the feedback mechanism pharmacologically [14] or by
renin suppression [16] failed to improve renal function after 45-
mm ischemia. Fourth, a lack of anoxia in the surface nephrons
cannot explain their maintained function after ischemia because
nephron function was well preserved even when the renal
surface had been flushed with nitrogen during ischemia [2].
Thus, for at least one model of ischemic acute renal failure, the
explanations currently offered hardly seem adequate to explain
the great disparity between single nephron and whole kidney
function, and alternative suggestions must be considered.
The simplest explanation for the discrepancy between single
nephron and whole kidney function following ischemia is that it
reflects a true functional difference between the surface and
deeper lying nephrons. Although this theoretical possibility has
been considered before [1, 2], there has been no experimental
evidence with which to evaluate it. The present experiments
were therefore designed to determine whether or not there is a
gradient for nephron function following renal ischemia. Meth-
ods were selected which permit not only the function of the
surface nephrons to be assessed but also allow the function of
other nephron populations to be evaluated. The methods cho-
sen were the Hanssen technique [17], with which the passage of
a systemically injected bolus of sodium ferrocyanide allows a
qualitative estimation of SNGFR in all nephron types, and the
microsphere method, with which blood flow in single glomeruli
of different nephron types can be examined. Using this ap-
proach it was hoped to compare data obtained with micropunc-
ture techniques, with their inherent restrictions and possible
artifacts in ischemically damaged kidneys, with data obtained
using other, nonmicropuncture methods, with completely dif-
ferent artifacts and limitations.
Methods
Surgical preparation and the induction of ischemia. The
experiments were performed on male Sprague-Dawley rats
(Mus, Biberach, Federal Republic of Germany), weighing 185
to 286 g. The animals were anesthetized with 100 to 120 mg/kg
body weight mactin (Byk Gulden, Constance, Federal Republic
of Germany) and placed on an operating table heated so as to
maintain rectal temperature at 37 to 38°C. The trachea was
cannulated and catheters were placed in the right jugular vein
for the infusion of 0.25 to 0.4 ml/hr/l00 g body weight of isotonic
saline and in the right femoral artery for measuring blood
pressure and obtaining blood samples. The left kidney was
exposed through a flank incision and mobilized by being
dissected free from the perirenal fat. In those kidneys to be
made ischemic, a small portion of the renal artery was gently
dissected from the vein. The renal artery was occluded with a
weak, spring clip for 45 or 60 mm with the kidney in situ. During
the period of ischemia the kidney was covered with oil-soaked
cotton wool and bathed with mineral oil warmed to 38°C. In
some experiments the kidney was first placed in a cup (Lu-
cite®), isolated from the ambient air by plastic, and maintained
in an atmosphere of nitrogen during the period of ischemia, as
described in detail elsewhere [12]. Following ischemia, when
each kidney had been placed in a cup (Lucite®) and bathed with
warmed mineral oil, the ureter was cannulated close to the renal
pelvis for the timed collection of urine samples.
Micropuncture studies. Micropuncture determination of sin-
gle nephron function was undertaken in the distal and proximal
segments of the nephrons lying on the renal surface. Single
nephron filtration rate was determined as the nephron clearance
of polyfructosan (mutest, Linz, Austria) or 3H-methoxy-inulin
(New England Nuclear, Dreieich, Federal Republic of Germa-
ny). Polyfructosan, 10 g/dl in isotonic saline, or 3H-methoxy-
inulin, 250 tCi/ml in isotonic saline, was given as a priming
dose of 0.3 to 0.5 ml through the jugular catheter and then
continuously at the above rate for at least 30 mm before
collecting samples.
In kidneys subjected to ischemia, micropuncture was per-
formed 1 to 3.5 hr after releasing arterial occlusion. Micropi-
pettes, 7 or 8 jm OD, containing isotonic saline stained with I
g/dl lissamine green (Chroma, Stuttgart, Federal Republic of
Germany) or 0.5 gldl FD&C Keystone green (Aniline and
Chemical Co., Chicago, Illinois) and attached to a mercury
manometer, were used to identify the distal segments of ran-
domly selected proximal convolutions and to maintain intra-
tubular pressure during the subsequent collection of tubular
fluid. First a distal and then a proximal sample of fluid was
taken from each nephron by collecting for 3 to 4 mm into 9 or 10
tm short-shafted micropipettes filled with Sudan black-stained
mineral oil, proximal to a mobile oil block, 5 to 8 tubular
diameters in length. Intratubular pressure, measured using 8-
m pipettes with short shafts and the Landis method [18], was
documented in the four normal and six air-ischemic kidneys in
each of the nephrons in which micropuncture was attempted,
irrespective of whether or not these nephrons were used for
subsequent sampling.
The volume of the collected fluid was measured by propelling
the sample into a Microcaps constant bore capillary tube
(Drummond Scientific Co., Broomall, Pennsylvania) and mea-
suring the length microscopically with a graduated eye-piece.
Polyfructosan in tubular fluid was measured by the micro-
anthrone method [19] and in plasma or urine by the macro-
anthrone procedure [20]. The 3H-activity in the whole tubular
fluid sample or in 0.5- or 1-pd aliquots of plasma or urine was
determined in a well-type scintillation counter (Beckman, Mu-
nich, Federal Republic of Germany) in a mixture of 1.5 ml H20
and 5 ml Aquasol (New England Nuclear, Boston, Massachu-
setts) for 20 mm. Single nephron filtration rate was determined
as the quantity of polyfructosan or inulin in the tubular fluid
sample per minute, divided by the prevailing plasma concentra-
tion, as estimated from the preceding and subsequent blood
sample. Tubular reabsorption between the glomerulus and the
early distal or late proximal puncture site was calculated as
nephron filtration rate minus the volume flow rate at that site.
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Fig. 1. Illustrates the principle underlying the Hanssen technique for
determining nephron bolus velocity. A bolus of saturated sodium
ferrocyanide solution, injected into the aorta, reaches the kidney in a
fraction of a second. The filtered ferrocyanide passes along the proxi-
mal tubule until its passage is stopped by ligating and removing the
kidney. After precipitation as Prussian blue, the distance travelled by
the ferrocyanide along individual, microdissected nephrons can be
measured and divided by the passage time to give the bolus velocity.
Ureteral obstruction experiments. Light, short-term anesthe-
sia was achieved with 50 mg/kg body weight Nembutal (Kela,
Belgium). The left ureter, exposed through a small flank inci-
sion, was ligated close to the renal pelvis. The animals were
reanesthetised with mactin 16 hr later, and nephron function
was examined 17.5 to 18.5 hr after ureteral occlusion.
Hanssen technique. The Hanssen method [17] was used to
obtain estimates of nephron filtration rate in all nephron popula-
tions. The principle of the method is illustrated in Figure 1. A
bolus of saturated sodium ferrocynanide, injected into the aorta
just above the origin of the renal arteries, reaches the glomeruli
within a fraction of a second, where part of it is filtered. The
passage of the filtered portion of the ferrocyaanide bolus along
the proximal convolution is interrupted after a few seconds by
ligating the renal pedicle and removing the kidney. Precipitation
of the ferrocyanide as Prussian blue, making it clearly visible,
and maceration of the tissue to permit microdissection, allow
the distance the bolus has travelled along individual nephrons of
different types to be measured and the bolus velocity to be
calculated, which in the rat is related directly to nephron
filtration rate [21, 22].
In kidneys subjected to ischemia, the Hanssen determination
of nephron function was performed 50 to 90 mm following
release of arterial occlusion and an equivalent time after induc-
tion of anesthesia in control animals. A 50 to 55 p.l bolus of
saturated sodium ferrocyanide was injected into a finely drawn
out catheter with a dead space of 7 to 10 d, which had been
prefilled with isotonic saline and advanced 8 cm from the left
femoral artery into the aorta. Exactly 6 sec later, bolus passage
was interrupted by tightening a previously positioned ligature
around the renal pedicle, and the kidney was removed and
shock-frozen in liquid nitrogen in the next 3 to 8 sec. The frozen
kidney was fractured without thawing using a precooled wood
chisel to render 30 to 40 pieces, each extending from the capsule
to the corticomedullary junction, which were stored at —30°C.
Individual pieces of the kidney were prepared for analysis in
a manner similar to that reported previously [21] using the
following procedure: (1) 18 to 21 hr in alcoholic FeCl3 at —20°C
(50 g FeCl3; 95 ml C2H5OH; 5 ml HC1); (2) 20 mm in 95%
C2H5OH at room temperature; (3) 20 mm in 70% C2H5OH at
room temperature; (4) 20 mm in H20 at room temperature; (5)
2.5 to 3.5 hr in 20% HCI at room temperature; (6) two washes in
H20; (7) storage in dilute acetic acid and FeCl3 at +4°C until
dissection (I ml CH3COOH; 99 ml H20; 0.2 g FeC!3).
The freshly prepared tissue was microdissected under water
at a magnification of x64 against a black background to
minimize subjective data selection. The individual tubules,
dissected as far as possible from the glomerulus along the
proximal tubule, were identified during dissection as belonging
to one of four categories—surface, superficial, middle, or
juxtamedullary—mainly because of the position of their glomer-
uli within the renal cortex and were stored accordingly. Individ-
ual, microdissected tubules were examined at a magnification of
x40 against a white background and the distance between the
glomerulus and the now clearly visible dye-front was measured
with a graduated eyepiece.
The criteria that were used to distinguish the four different
nephron types were as follows: The glomerular-containing
region of the cortex was considered to comprise three layers of
equal depth, a superficial, mid-cortical, and a juxtamedullary
region. Glomeruli arising immediately beneath the cortex corti-
cis, whose proximal convolutions lie predominantly on the
renal surface and thus constitute those normally investigated
with micropuncture methods, were designated surface neph-
rons. The remaining glomeruli in the superficial cortex, whose
nephrons have fewer proximal convolutions on the renal sur-
face, were described as superficial nephrons. All nephrons with
glomeruli arising in the mid-cortex were designated middle
nephrons. Glomeruli arising in the juxtamedullary cortex were
considered as belonging to juxtamedullary nephrons, whose
efferent arterioles give rise to the vasa recta and whose loops of
Henle penetrate the inner medulla.
Microsphere method. The microsphere method was selected
to determine single glomerular blood flow in all nephron popula-
tions. The principle of the method is illustrated in Figure 2 and
described as follows: Microspheres are injected into the left
ventricle, where they become uniformly mixed with blood and
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Fig. 2. Illustrates the principle of the microsphere method for determin-
ing glomerular blood flow. Microspheres are injected into the left
ventricle and carried in the blood stream to all organs, where they
become trapped in the capillary circulation. The fraction of the total
number of microspheres in any organ, n/N, is equivalent to its fractional
blood flow, relative to the cardiac output, CO. If femoral blood flow,
FBF, and the number of spheres reaching the femoral artery, n, are
determined from a blood sample, the number of spheres in a glomeru-
lus, n0, can be used to derive the glomerular blood flow, GBF.
are distributed to each organ according to its blood flow. Thus,
the fraction of the total number of microspheres reaching any
organ represents the fraction of the cardiac output it receives.
Therefore, knowing the number of microspheres reaching any
two organs and the blood flow in one of them enables the blood
flow in the other to be derived. Since the microspheres become
trapped in the capillary circulation, the number reaching the
glomeruli can be determined at leisure after removing the
kidney. The microspheres reaching the femoral artery can be
determined by collecting femoral blood from the start of the
injection until all the spheres have left the circulation and
counting the number it contains. Femoral blood flow can be
derived from the collected volume and the collection time.
Methodological precision is highest when sufficient micro-
spheres are injected to provide more than one per glomerulus,
so that the glomeruli can be analyzed individually [23, 241. The
injection of several million small-sized spheres has been not
shown to interfere with renal function [23, 25].
Before measuring renal blood flow, renal function was moni-
tored by giving 0.3 ml of 1 jCi/ml of 3H-methoxy-inulin in
isotonic saline as a priming dose over 8 mm and then at the
usual rate, collecting urine for 10 mm, and taking a blood
sample. The animal was subsequently heparinized with 500 E
Thrombophob (Nordmark, Hamburg, Federal Republic of Ger-
many) 5 to 10 mm before the microsphere injection. In those
kidneys subjected to renal ischemia, blood flow measurement
was performed 70 to 90 mm after releasing arterial occlusion
and at an equivalent time after inducing anesthesia in the
controls. Unlabelled carbon microspheres (3M Deutschland,
Neuss, Federal Republic of Germany), 8.6 0.7 m diameter,
were suspended as described previously [25] in isotonic saline
containing 100 g/liter Ficoll 70 (Sigma, Munich, Federal Repub-
lic of Germany) and 0.8 g/liter Tween (Sigma, Munich, Federal
Republic of Germany). The renal trapping of spheres a little
smaller than this has been shown to exceed 99.7% [25, 261.
Approximately 106 microspheres, contained in 100 tl of solu-
tion were injected over 20 sec into a finely drawn out catheter,
prefilled with heparinized saline, advanced from the right
carotid artery into the left ventricle. At the same time blood was
collected from the femoral artery for 40 to 60 sec. Subsequent-
ly, 0.2 to 0.3 ml of 25 g/liter Alcian green (Sigma, Munich,
Federal Republic of Germany) was infused through the jugular
catheter to stain the glomeruli green [26]. The kidney was then
removed, cut into four pieces and fixed in 50% C2H5OH.
The femoral arterial blood sample (0.6 to 2.3 ml) was first
weighed to determine the volume, then it was centrifuged and
the plasma discarded. The erythrocytes were lysed with dis-
tilled water, and the hemoglobin removed by washing 6 to 10
times in distilled water containing about 2 drops per ml of Triton
(Sigma, Munich, Federal Republic of Germany). The micro-
spheres and remaining erythrocyte ghosts, contained in a final
volume of 100 to 300 tl, were thoroughly mixed using sonifica-
tion. The number of microspheres in the sample was deter-
mined by counting 8 to 12 aliquots in a Bürker-Türk erythrocyte
chamber at a magnification of x64 using transmitted light.
To prepare the renal tissue for analysis, each kidney quarter
was dehydrated by immersion first in 75%, then in 95%, and
finally in 100% C2H5OH for at least 4 hr. Between three and five
thin slices, cut from each quarter kidney with a scalpel blade,
were placed in methyl salicylate to make them transparent.
Each tissue section was examined under reflected light at a
magnification of x64, making the microspheres clearly visible
as black beads within the green-colored glomeruli. The individ-
ual glomeruli were identified during counting as belonging to
one of four types—surface, superficial, middle, or juxtamedul-
lary—according to their position within the cortex, as described
above. To avoid data selection, the microspheres were counted
in each of the glomeruli present in the section. Glomerular
blood flow was calculated from the number of spheres in each
glomerulus by multiplying by the femoral blood flow per
microsphere in the blood sample. Whole kidney blood flow was
estimated by measuring the fractional occurrence of each of the
four nephron types, multiplying by 30,000 to obtain the total
number of each in the rat kidney, and summing the blood flow
contribution of each nephron type.
Measurement of kidney blood flow by maIm extraction.
Whole kidney blood flow was measured according to the Fick
principle using the extraction of 3H-methoxy-inulin. The princi-
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Table 1. The clearance data obtained in normal and postischemic kidneys
GFR
dIminIIOO g
Urine flow
rate
pjlminl!OO g
Absolute
reabsorption
zlIminI1OO g
Fractional
reabsorption
% GFR
Normal kidneys 425 1.93 423 99.52
(N = 20)
45-mm N2-ischemia 239a 6.03a 233a 97.69a
(N = 5)
45-mm air-ischemia 97a 559a 92a 88.67a
(N= 19)
a The values are those from the ischemic kidneys which are statistically significantly different from the corresponding value in the normal
kidneys.
pie underlying the method assumes the conservation of inulin,
so that the quantity of inulin entering the kidney, which is its
blood flow times the arterial concentration, is taken as equal to
the amount leaving the kidney, given by the blood flow times
the venous concentration plus the urinary excretion rate. Rear-
rangement leads to the familiar formulation that the renal blood
flow is given by the urinary excretion rate of inulin, divided by
the arterio-venous concentration difference.
The animals were heparinized by intravenous injection of 500
E Thrombophob (Nordmark, Hamburg, Federal Republic of
Germany). A priming dose of 0.3 ml of 3H-methoxy-inulin, 5
iCi/ml, was given over 8 mm before infusing at the usual rate.
Blood flow was measured in the postischemic kidneys 70 to 100
mm following release of arterial occlusion. Immediately prior to
determining blood flow, urine was collected for 10 to 15 mm to
measure the inulin excretion rate and an arterial blood sample
was taken. Renal venous blood samples were obtained without
disturbing the kidney by puncturing the renal vein with an 8-mm
injection needle, whose plastic rim had been cut off, and
collecting blood spontaneously into four hematocrit tubes.
Immediately afterwards, four hematocrit tubes of blood were
collected from the femoral artery and the arterial hematocrit
was determined. The 3H-activity in 50 d of the venous or
arterial plasma and in 10 /11 of the urine was determined by
liquid scintillation counting (Beckman, Munich, Federal Repub-
lic of Germany) in a mixture of 2 ml H20 and 8 ml Aquasol
(New England Nuclear) for 20 mm.
Kidney clearance studies. Kidney filtration rate was deter-
mined as the clearance of polyfructosan or 3H-methoxy-inulin
in the above experiments and was measured as the rate of urine
flow in the period between blood samples, multiplied by the
average urine to plasma concentration ratio for polyfructosan of
3H-methoxy-inulin in that period. Kidney reabsorption was
calculated as kidney filtration rate minus urine flow rate.
Statistical analyses. For the most part, the individual obser-
vations were pooled for each experimental group, expressed as
mean SEM. Differences between the means were tested with
the Student's t test for unrelated samples. In the Hanssen and
microsphere experiments, in which the total number of obser-
vations in each group ranged from over 100 to 1,000, this
marathon procedure proved to be impractical. Therefore, the
group average value was calculated for each animal, the animal
averages were pooled and given as mean SEM. Differences
between the means were tested with the Student's t test for
unrelated samples. This simplified procedure distorted the true
mean of the individual observations by 4.5% in one case and by
less than 2.5% in the remaining cases but increased the scatter
on the data because the number of animals rather than the
number of observations was used to calculate the SEM. Differ-
ences between mean values were considered to have reached
statistical significance if the two-tailed probability did not
exceed 0.05.
Results
Kidney clearance studies. The clearance data obtained in
normal kidneys and kidneys subjected to 45-mm ischemia in
nitrogen or air are summarized in Table 1. Following 45 mm N2-
ischemia, GFR had fallen to 56% of control, urine flow rate was
increased threefold, absolute fluid reabsorption was depressed
to 55% of control, and fractional fluid reabsorption had fallen by
1.8%. Following 45 mm air-ischemia, GFR had fallen to 23% of
control, urine flow rate was increased threefold, absolute
reabsorption was depressed to 21% of control and fractional
reabsorption had fallen by 11%. The lesser functional impair-
ment of the N2-ischemic than the air-ischemic kidneys, despite
equal periods of arterial occlusion, is most probably attributable
to cooling of the kidney during ischemia caused by the nitrogen
gas stream.
Micropuncture studies. Measurements of proximal intratubu-
lar pressure showed it to be 13.5 0.3 mm Hg in normal
kidneys and not significantly different at 14.8 0.7 mm Hg
following 45 mm air-ischemia.
Values of SNGFR in normal or air-ischemic kidneys were
found not to depend on whether polyfructosan or 3-methoxy-
inulin was used in their determination, although a chromogen
for the anthrone reaction had been found in tubular fluid after
ischemia [15]. The measurements were therefore pooled. The
data obtained from nine normal, five N2-ischemic, and eight air-
ischemic kidneys are summarized in Figure 3. Although kidney
GFR was depressed considerably to 56 and 23% in N2-ischemic
and air-ischemic kidneys, respectively, SNGFR measured dis-
tally was lowered from 11.7 0.4 nl/min/l00 g in normal
kidneys only modestly to 86 and 82%. Measured proximally, it
was not significantly decreased from the 12.7 0.5 nl/min/l0O g
obtained in normal kidneys. Similarly, although kidney fluid
reabsorption fell substantially to 55 and 21% of control in N2-
ischemic and air-ischemic kidneys, respectively, reabsorption
up to the distal tubule decreased from the 8.9 0.4 nl/min/100 g
in normal kidneys to only 82 and 81%. Up to the late proximal
tubule it was reduced from the 6.1 0.3 nl/min/100 g in normal
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Normal kidneys 45' N2-(schemia 45' Air-ischemia
Fig. 3. The results of the micropuncture
experiments. The upper panel shows the
filtration rate in single nephrons, SNGFR,
obtained as paired collections from the distal
or proximal tubule, compared to that of the
whole kidney, KGFR, in normal and
postischemic kidneys. The lower panel shows
the reabsorption rate in single nephrons,
SNRR, taken from those collections which
were either early distal or late proximal, and
compared to that of the whole kidney, KRR,
in normal and postischemic kidneys. The
asterisks indicate those values which are
statistically significantly different from the
corresponding values in the normal kidney.
Normal kidneys 45' N2 lschemia 45' Air-ischemia 60' N2-lschemia 18 hr Ureteral occlusion(N 71 (N = 6) (N =7( (N =4( (N =3)
kidneys insignificantly in the N2-ischemic kidneys and only found to be approximately equal in all nephron populations in
modestly to 81% in air-ischemic kidneys. normal kidneys; it was only significantly lower in middle
Hanssen technique. Hanssen method determinations were nephrons than surface ones. Following ischemia it is apparent
performed in a total of seven normal, six 45-mm N2-ischemic, that although bolus velocity fell in the surface nephrons to
seven 45-mm air-ischemic, four 60-mm N2-ischemic kidneys, between 55 and 60% in all of the ischemic models, it decreased
and three kidneys with 18 hr of ureteral occlusion. Bolus much more in the other nephron populations, and fell most of all
velocity was measured in 100 to 400 tubules per kidney. The in the juxtamedullary or deep nephrons, to between 18 and 26%
results are summarized in Figure 4. Average bolus velocity was of that in the controls. During ureteral occlusion bolus velocity
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Glomerular
blood flow
n/rn/n lOOg
120-
100 -
80 -
60-
40 -
20 -
0-
Normal kidneys
(N =7)
45' Air-ischemia
(N =9)
18 hr Ureteral occlusion
(N =4)
Fig. S. The results of the microsphere
experiments to measure glomerular blood flow
in surface, superficial, middle, and
juxtamedullary or deep nephrons in normal
and postischemic kidneys, and during ureteral
occlusion. The asterisks denote those values
which are statistically significantly different
from those of the surface nephrons in the
same group; the asterisk in parenthesis refers
to borderline statistical significance.
RBF Microsphere lnulin-extraction
mi/mm/bog method method
1
decreased to 75% in the surface nephrons and more in the other
superficial and middle nephrons, but fell in the deep nephrons
to only 80% of that in the controls.
Microsphere method. Microsphere determinations of glomer-
ular blood flow were undertaken in 300 to 1200 glomeruli per
kidney in seven normal, nine 45-mm air-ischemic kidneys and in
four kidneys with 18 hr of ureteral obstruction. The results are
summarized in Figure 5. Average glomerular blood flow in
normal kidneys was found to be approximately equal in all
nephron populations, it being lower with borderline significance
at 85 10 nl/min/l00 g in the middle nephrons, compared to the
124 16 nl/min/100 g found in the surface ones. Following
ischemia, blood flow fell in the surface glomeruli to 55% but
decreased more in the other nephron populations, and fell most
in the juxtamedullary or deep glomeruli to 29% of that in
controls. During ureteral obstruction, blood flow fell to 59% in
surface glomeruli, somewhat more in superficial and middle
glomeruli, but only to 60% in the deep glomeruli.
An examination of the distribution frequency of the different
nephron types from the more than 12,000 examined, revealed
that 13% of the total were considered to be of the surface type,
37% to be superficial, 30% to be middle, and 20% to be of the
juxtamedullary type. Combining this information with the mean
glomerular blood flow in each nephron type and the total
nephron number of approximately 30,000 for the rat, whole
kidney blood flow was calculated, In normal kidneys this was
estimated to be 3.04 0.39 ml/min/100 g body weight. Follow-
ing 45-mm air-ischemia it was reduced significantly to 41% or
1.24 0.14 ml/min/l00 g body weight and during ureteral
occlusion was significantly depressed to 50% or 1.52 0.28
ml/min/100 g body weight.
mu/in extraction method. Kidney blood flow was examined
in seven normal and seven 45-mm air-ischemic kidneys. The
results, together with the corresponding values calculated from
the microsphere experiments, are illustrated in Figure 6. In
normal kidneys, renal blood flow averaged 3.06 0.29
ml/min/l00 g body weight, a value indistinguishable from that
obtained with the microsphere method. Following 45-mm air-
ischemia it was significantly reduced to 42% or 1.28 0.20
ml/min/100 g body weight, a value also indistinguishable from
that measured with the microsphere method.
Discussion
The results of the present micropuncture experiments con-
firm previous observations that surface nephron filtration rate
[1—4] and reabsorption rate [1, 2] are well preserved following
ischemia. The possibility that release of tubular obstruction led
to a normalization of SNGFR during micropuncture could be
excluded since SNGFR measured distally, beyond the potential
site of obstruction, was very similar to that measured proximal-
ly and since proximal intratubular pressure, as reported previ-
ously for this model 113], was not raised. The suggestion that a
tubuloglomerular feedback signal at the macula densa depresses
SNGFR in the intact nephron could be similarly discounted
because SNGFR determined from the distal tubule, which
leaves the macula densa signal intact, was not substantially
Surface Middle Surface Middle
Superfic. Deep Superfic. Deep Superfic. Deep
3.0
2.0
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Normal
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Fig. 6. The values for kidney blood flow obtained with the microsphere
method or with the inulin extraction method in normal and postische-
mic kidneys.
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lower than that determined from the proximal tubule. Further-
more, the possibility that the lack of anoxia in the surface cells
during ischemia was responsible for protection of surface
nephron function could not be confirmed since SNGFR in
kidneys maintained in nitrogen was not lower than that of
kidneys exposed to air during ischemia. Thus, the data suggest
that the preservation of surface nephron function is not the
result of an artifactual elevation of SNGFR during micropunc-
ture, but reflects the fact that surface nephron function is little
impaired following ischemia.
The results of the Hanssen experiments in which bolus
velocity was measured in the different nephron populations
confirm that it is relatively well-maintained in the surface
nephrons and reduced most in the juxtamedullary or deep
nephrons after ischemia but is depressed equally in both
nephron types during ureteral occlusion. Although this tech-
nique is not subjected to any of the artifacts associated with
micropuncture that tend to raise SNGFR, it is subject to
interpretational difficulties. Bolus velocity in the nephron is
determined not only by the rate at which fluid enters the
nephron, the SNGFR, but is also affected by the rate at which
fluid is removed from the nephron, the reabsorption rate, and,
to a lesser extent, by the tubular radius [21]. In theory, bolus
velocity can be made more sensitive to SNGFR and less
sensitive to reabsorption rate by measuring it in the earliest part
of the nephron, where the greatest part of the filtered fluid is
still in the tubule and has not yet been reabsorbed. In practice,
however, this is hardly possible because it entails stopping
bolus passage after only a few seconds, when the error in the
time determination and the uncertainty in the tubular length
measurement preclude the accurate assessment of bolus veloci-
ty. Consequently, the bolus velocities measured in the present
experiments must be considered to reflect not only SNGFR but
also tubular reabsorptive rate and radius. This has two impor-
tant consequences: First, it is not possible to predict exactly
how filtration rate is distributed among the different nephron
types on the basis of their bolus velocities, because their tubular
reabsorption rates may not be comparable and their tubular
diameters are known to differ [26]. This probably explains why
the average bolus velocity of the surface and superficial neph-
rons in the normal kidneys was identical to that of the deep
nephrons, although the latter display an approximately 20%
higher SNGFR when measured with radio-labeled ferrocyanide
[27]. Second, it is not possible just by examining the change in
bolus velocity in a nephron population to quantify the changes
in filtration rate induced by a treatment procedure, for tubular
reabsorption may also have changed. However, in kidneys with
a reabsorption defect, the decrease in bolus velocity is always
less than the decrease in SNGFR, because a greater fraction of
the filtered fluid remains in the nephron. Thus, the fall in bolus
velocity can be considered to give an upper estimate for the
residual SNGFR, which, after ischemia, is about 60% in the
little-damaged surface nephrons and maximally 25% in the
poorly-reabsorbing juxtamedullary nephrons, and, during ure-
teral obstruction does not exceed 75 or 80% in the surface or
deep nephrons.
The results obtained with the microsphere method to deter-
mine glomerular blood flow confirm that it is depressed least in
the surface nephrons and most in the deep nephrons following
ischemia but reveal that the blood flow reduction in these two
nephron types is identical during ureteral occlusion. Micro-
spheres of the currently employed size are reported to be
completely extracted by the kidneys [25, 28], and none were
observed in the postglomerular capillaries of any nephron
population in the present experiments. The injection of several
million spheres has been shown not to produce any systemic
effects that alter whole kidney function [23, 25] and had no
effect on arterial blood pressure during the sampling period in
the present study. However, for the rat, it is not yet certain
whether small spheres, that are much less susceptible to
skimming artifacts, are completely free from the maldistribution
effects reported for larger spheres [29]. Thus, although there
was a remarkable similarity in the distribution of glomerular
blood flow and bolus velocity in each of the experimental
conditions examined, there is no way to be absolutely sure that
the apparent distribution of blood flow corresponds to the real
distribution of blood flow among the different nephron types.
However, there seems to be no reason not to estimate the
change in blood flow to each of the nephron types from the
change in their apparent blood flow, which indicates that
glomerular blood flow decreased after ischemia to 55% in the
surface nephrons and to 30% in the juxtamedullary or deep
nephrons, whereas during ureteral obstruction it fell equally in
both nephron types to 60%.
The results obtained with the inulin-extraction method for
determining whole kidney blood flow are virtually identical to
those calculated for the whole kidney from the glomerular blood
flow data. This demonstrates quite conclusively that the micro-
spheres had no adverse effects upon renal function in the time it
took them to become lodged in the kidney. Both 45 mm of
ischemia and 18 hr of ureteral occlusion were found to depress
kidney blood flow to a comparable degree, although the distri-
bution of glomerular blood flow in the two models was quite
different. The values of kidney blood flow obtained after 45 mm
of ischemia (approximately 3 mI/mm per rat) are in excellent
agreement with those measured after 60 mm of ischemia using
the electromagnetic flow probe or microspheres [5, 30—32], but
the higher values measured in the present controls meant that
the percentage of blood flow remaining after ischemia was
much less than the 52 to 75% reported previously [5, 30—32].
Thus, using multiple methods, each with differing limitations
and artifacts, it could be confirmed that filtration rate, reabsorp-
tion rate, and glomerular blood flow in the surface nephrons are
relatively well-preserved early after an ischemic insult and do
not reflect the decrease in whole kidney function, which is
mostly attributable to the other nephron populations. Conse-
quently, it must be concluded that micropuncture techniques,
which mostly examine only the surface nephrons, are not
suitable for investigating this type of acute renal failure, and the
data which are obtained with these methods are not applicable
to all of the nephrons within the kidney. Thus, findings which
have been reported from this laboratory that following 45-mm
ischemia intratubular pressure is normal [13], that there is little
loss of glomerular marker substances [15], or that there is a
normal tubuloglomerular feedback response [3] must be consid-
ered to apply only to the surface nephron population examined
and not to be necessarily true of the deeper nephron
populations.
The present experimental finding that the nephrons that
function best following renal ischemia are the surface and
superficial ones and that those that function worse are the
juxtamedullary or deep ones offers a ready explanation for the
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loss of urinary concentrating ability observed after ischemia.
The osmolarity of the final urine following ischemia is about 400
mOsm/liter [11, 16] in hydropoenic animals. This low degree of
concentration, which corresponds to that which can be generat-
ed by superficial nephrons, whose short loops of Henle do not
extend beyond the outer medulla [33], is precisely what is to be
expected if the juxtamedullary nephrons with the long loops of
Henle make no contribution to urinary concentration. Another
feature of the severe restriction in juxtamedullary blood flow is
that the blood supply to the renal medulla, which comes
exclusively from the juxtamedullary nephrons, will be cur-
tailed. A filling defect, reminiscent of a disturbance in perfu-
sion, has been observed in the outer medulla following ischemia
[34—37] (Mason and Torhorst, unpublished observations). The
persistence of a perfusion defect in the outer medulla raises the
possibility that hypoxic cell damage in this region may extend
well beyond the period of arterial occlusion. This possibility is
compatible with the observation that it is the pars recta or
straight part of the proximal tubule, situated in the outer
medulla, that characteristically displays the greatest degree of
histological damage following ischemia [38—42]. It has already
been suggested that clonidine, which reduces the severity of
postischemic acute renal failure, does so by minimizing vascu-
lar damage and preventing a perfusion defect in the outer
medulla, thus lessening the degree of cellular damage and
resultant tubular obstruction [36]. Finally, if the severity of the
postischemic perfusion defect were to increase with the dura-
tion of the ischemia, as has been indicated [37], this could
explain the greater cell damage, desquamation, and consequent
tubular obstruction found after ischemia of longer periods [1, 2,
4—7, 9, 13] but not characteristic of the present model [13].
It is difficult to explain the cause of the functional defect of
the deeper lying nephrons at the present time. Intratubular
obstruction, although evident in the superficial nephrons of
many ischemic models, does not seem to be a necessary
component for two reasons: First, an increase in tubular
diameter, as observed in histological sections of an obstructed
model [43], was not evident in the present model (Mason and
Torhorst, unpublished observations); second, even after 18 hr
of tubular obstruction by ureteral occlusion, the decrease in
bolus velocity or glomerular blood flow in the juxtamedullary
nephrons was not as severe as that seen after ischemia.
Leakage to inulin also does not seem to necessarily accompany
the functional impairment of the deeper nephrons, since the
values of renal blood flow measured with the inulin extraction
method were not lower than those determined with the micro-
sphere method, as they should be if some of the filtered inulin
were lost from the nephrons. No information, to our knowl-
edge, is available with which to evaluate whether or not a
vasoconstriction in the deeper nephrons is responsible for their
loss of function, but a decrease in glomerular permeability, as
reported after ischemia in the dog [44], although explaining a
decrease in filtration rate, is unable to account for the decrease
in blood flow observed. Thus, the mechanisms underlying the
preferential loss of juxtamedullary nephron function early after
ischemia remain to be defined.
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